Abstract.-Understanding the phylogenetic relationships of the three major urochordate groups within the deuterostomes is central to understanding the evolution of the chordates. We have prepared a detailed phylogenetic analysis of urochordates based on comparisons of 10 new urochordate 18S ribosomal DNA sequences with other urochordate sequences in GenBank. Maximum parsimony, neighbor-joining, minimum evolution, and maximum likelihood analyses of this large urochordate data set are consistent with a topology in which the urochordates are monophyletic within the deuterostomes and there are four separate clades of urochordates. These four distinct clades-styelid + pyurid ascidians, molgulid ascidians, phlebobranch ascidians + thaliaceans, and larvaceans-are mostly consistent with traditional morphological hypotheses and classifications. However, we find that the ascidians may not be a monophyletic group (as they have been considered traditionally) but instead appear paraphyletic. Another disparity with traditional classificatio n is that the thaliaceans do not form a separate urochordate clade but rather cluster with the phlebobranch ascidians. Larvaceans have long branch lengths, which can be problematic for molecular phylogenetic methods, and their position within the urochordates cannot be unequivocally determined with 18S rDNA. This is important because the tadpole morphology of larvacean and ascidian larvae is the key trait of interest that distinguishes urochordates as chordates. Nevertheless, the present data set resolves at least three clades of urochordates and suggests strongly that urochordates form a monophyletic clade within the deuterostomes.
metamorphosis into a sessile adult with an endostyle and pharyngeal gill slits, whereas the larvaceans retain the tadpole structures and the tadpole body plan after metamorphosis into a planktonic adult. Salps and pyrosomids lack a tadpole stage and have a body plan similar to adult ascidians except that it is modified for planktotrophy. Recent molecular evidence suggests that larvaceans may be the sister group of the rest of the urochordates, and the phlebobranch ascidians and thaliaceans may be closely related (Wada, 1998) .
Morphological evidence suggests many taxa have deuterostome affinities (Kirsteuer, 1969) , but recent molecular phylogenies suggest that lophophorates (Halanych et. al., 1995; Halanych, 1996a; Mackey et al., 1996) , chaetognaths (Telford and Holland, 1993; Halanych, 1996b) , and the pogonophoron worms (Young et al., 1996; McHugh, 1997) are likely to be protostomes. Current
It is important to understand the phylogenetic relationships between the various deuterostome phyla and the chordate subphyla to study possible mechanisms of chordate evolution. The phylum Chordata contains three subphyla: Urochordata (tunicates), Cephalochordata (amphioxus), and Vertebrata (vertebrates). The urochordates are further divided into three classes: the ascidians (sea squirts), larvaceans (appendicularians), and thaliaceans (doliolids, salps, and pyrosomids). The chordate characters of a dorsal hollow nerve chord, notochord, and postanal muscular tail are found in the urochordate tadpole in the larvaceans and most ascidians (Jeffery and Swalla, 1997) . However, ascidians undergo Molgulidae family (Hadfield et al., 1995) , a third containing all of the Phlebobranch families and the thaliaceans-and larvaceans may constitute a fourth clade. Our phylogenetic analyses show clearly that urochordates are monophyletic within the deuterostomes, a result strongly supported by each of the phylogenetic methods used to analyze this dataset.
MATERIALS AND METHODS

Biological Materials, DNA Isolation, and DNA Sequencing
Urochordate DNA was isolated according to Hadfield et al. (1995) and resuspended in a buffer of 10 mM Tris-Cl, 1 mM EDTA, pH 8 at 1 mg/ml. DNA was then diluted in sterile distilled water to an optimal concentration for polymerase chain reaction (PCR), which was used to amplify a region of ~1,000 bp of the 18S rDNA. PCR reactions were performed with standard conditions (10 mM Tris-HCl, 1.5 mM MgCl, primer, and 50-100 ng of DNA) in a Stratagene Robocycler (Stratagene, La Jolla, CA). Annealing temperature varied slightly from 40°C to 50°C, depending on the primers. PCR products were separated with a 1% agarose gel and photographed with a Polaroid camera. The desired band was excised and purified with Sephaglas beads (Pharmacia Biotech, Piscataway, NJ). Sequencing was performed on an ABI Automatic Sequencing Machine (PerkinElmer, Roche Molecular Systems, Branchburg, NJ) after sequencing reactions had been performed with an ABI Cycle Sequencing Kit.
The primers used for PCR amplification and subsequent DNA sequencing were 18S-A 5'-CAGCAGCGCGGTAATTCCAGC TC-3' and 18S-B 5'-AAAGGGCAGGGACG TAATCAACG-3' (Wada et al., 1992; Hadfield et al., 1995) . Additional primers used for sequencing were 18S-C 5'-TTAGAGT GTTCAAAGCAGGC-3', 18S-F 5'-GCCTGCT TTGAACACTCTAA-3', 18S-G 5'-GCGATCA GATACCGCCCTAGTT-3', and 18S-H 5'-C GTTCTTAGTTGGTGGAGCGAT-3'. In some cases, nearly full-length 18S sequences were obtained by using additional primers: phylogenies using both morphological and molecular evidence agree that the echinoderms, hemichordates, and chordates are unequivocally deuterostomes (Turbeville et al., 1994; Wada and Satoh, 1994; Zrzavy et al., 1998) . Recently, 18S ribosomal DNA (rDNA) has been used by several researchers to construct molecular phylogenies of the urochordates within the deuterostome phyla (Field et al., 1988; Wada et al., 1992; Turbeville et al., 1994; Wada and Satoh, 1994; Hadfield et al., 1995; Cohen et al., 1998; Wada, 1998) . Ribosomal DNA sequence data are used to reconstruct phylogenies because they offer many informative characters for inferring relationships, are highly conserved and ubiquitous among metazoans, and provide an independent test of hypotheses that are based on morphology (Olsen and Woese, 1993; Turbeville et al., 1994) . Some of the branches of deuterostome phylogeny are not well supported by 18S rDNA, in part because of unequal evolutionary rates among taxa and light sampling of taxa within the urochordates (Turbeville et al., 1994; Wada and Satoh, 1994) .
In this study, we include 18S rDNA sequences of individuals from 7 of the 14 families of ascidians, three larvaceans, and three thaliaceans (a salp, a pyrosomid, and a doliolid), in an effort to resolve relationships within the urochordates and examine whether urochordates are monophyletic within the deuterostomes. More than 2,500 ascidian species have been described (Satoh, 1994) , but only about a hundred species of larvaceans and even fewer species of salps, pyrosomids, and doliolids (Berrill, 1950; Bone, 1998) . We have included 26 urochordate 18S rRNA sequences found in the GenBank database and have added 10 new sequences in the present analysis. Besides including more taxa, we also introduce an alignment guided by secondary structure (Neefs et al., 1993) , which differs from the 18S rDNA alignments used in previous studies of chordate phylogeny (Turbeville et al., 1994; Wada and Satoh, 1994) . Our results suggest that there are at least three distinct clades of urochordatesone that includes the Pyuridae and Styelidae families, a second representing the 18S-BS5'-CCTGGTTGATCCTGCCAG-3' (5' end) and 18S-PH 5'-TAATGATCCATCT .
The regions of the 18S gene in which each of the primers is located are as follows, according to the eukaryotic secondary structure determined by De Rijk et al. (1992) and Neefs and De Wachter (1990) : 18S-A (region 19), 18SB (region 30), 18S-C and 18S-F (region E21-6 in V4, primers are complementary), 18S-G (region 25), and 18S-H (region 37-38).
Sequences
The 18S rDNA sequences used for this study are shown in Table 1 . Unpublished sequences were generated for this study as indicated; available accession numbers for these sequences from GenBank are listed in Table 1 . The following sequences were obtained from Dr. Hiroshi Wada and Noriyuki Satoh and deposited into GenBank (Wada et al., 1992; Satoh, 1994) 
Alignment and Phylogenetic Analyses
Urochordate sequences were aligned with those of other deuterostomes and protostomes (see Table 1 ) according to a secondary structure model (Neefs et al., 1993) using the DCSE program . The five protostome sequences were used as an outgroup to the deuterostomes so we could examine the relationships of the urochordates within the deuterostomes. When either vertebrates or echinoderms were used as outgroups, the urochordates showed the same phylogenetic relationships (Swalla and Garey, personal obs.; Wada, 1998) . Sites containing gaps were excluded from phylogenetic analyses to reduce systematic errors. Alignments were analyzed with the MEGA program (Kumar et al., 1994) and PAUP*4.0b2 (Swofford, 1999) to produce Neighbor-Joining (NJ) trees using Jukes and Cantor (Jukes and Cantor, 1969) , Kimura two-parameter (Kimura, 1980) , and LogDet (Lake, 1994) models of nucleotide substitution to correct for multiple substitutions at the same site. For the gamma distribution model, three different values were used for the shape parameter alpha. The value a = 0.24 was calculated from the data set by using maximum likelihood with PAUP*, whereas a = 0.5 was used as the PAUP* default value, and a = 0.72 was used because it has been used in numerous rDNA studies of metazoan evolution (e.g., Winnepenninckx et al., 1995) . Minimum evolution (ME) trees were produced by heuristic searches in PAUP* under the same models of nucleotide substitution described above for NJ trees. Bootstrapped maximum parsimony (MP) trees were produced by using PAUP*. Maximum likelihood (ML) trees were calculated with the DNAML component of PHYLIP (Felsenstein, 1993 ) from a subset of the data containing 24 taxa that used substitution models with various multiple rate categories. Confidence in NJ, ME, MP, and ML trees was determined by analyzing either 1000 or 100 bootstrap replicates (see figure  legends ). An additional parameter used to determine tree reliability was the congruence of trees produced with different tree-making algorithms (NJ, ME, MP, and ML).
Results
The alignment was 966 positions long with gaps, containing a total of 821 sites when gaps and missing data were excluded; and there were 238 informative sites for parsimony analysis. The alignment is available at http: //chuma.cas.usf.edu/ garey/alignments/ alignment.html. Figures 1, 2, 3, and 4 show the phylogenetic trees obtained with NJ, ME, MP, and ML methods, respectively. The NJ tree calculated with Kimura two-parameter evolutionary distances is shown in Figure 1 with branches drawn to scale. In general, this analysis agrees with traditional classification of urochordates at the family level, but there are major discrepancies at higher tax- ML analyses of 100 bootstrap replicates (Fig. 4) with a reduced data set (complete alignment, but only 24 taxa) revealed results similar to the MP analysis; that is, the taxa that formed the distinct Clade III with NJ or ME analyses instead formed a mixed polytomy in the bootstrapped ML tree. The ML trees were recovered by using DNAML and associated programs from PHYLIP with use of four rate categories: 100 (0.13 of sites), 10 (0.13 of sites), 1 (0.14 of sites), and 0 (0.6 of sites). Initial rate categories were determined by examining the alignment (for example, 60% of the sites are invariant) and then modified empirically to maximize the likelihood of the recovered tree. The best ML tree had a ln likelihood of 2 5335. Figure 5 summarizes the hypothetical relationships of the urochordates, showing the morphological changes that have occurred in adult and larval body plans. Our results clearly indicate that colonial adults have evolved several times independently within the urochordates. Figure 2 shows the species in which adults are colonial. Within the thaliaceans, the pyrosomids and salps seem to have secondarily lost a tadpole larval stage, whereas the doliolids retain the tadpole larvae (Bone, 1998) . onomic levels. The most significant result is that urochordates consistently fell into four clades, with high bootstrap support. Clade I contains styelid and pyurid ascidians; Clade II consists solely of molgulid ascidians; Clade III contains a number of different families within the phlelbobranch ascidians plus the thaliaceans; and the larvaceans make up Clade IV. The ascidian order Pleurogona appears polyphyletic, with some families appearing in Clade I (Styelidae and Pyuridae) and some in Clade II (Molgulidae).
NJ trees calculated with other distance methods were nearly identical with respect to Clades I, II, III, and IV (see Table 2 ). ME trees were congruent with the NJ trees. Figure 2 shows the ME tree found by PAUP* with Kimura two-parameter distances as the optimality criterion. Similar results were found with other distance methods ( Table 2) .
Two MP trees of 1135 steps were recovered by using heuristic searches with PAUP* with default parameters. A bootstrapped MP (Fig. 3) is consistent with the NJ and ME trees, although taxa that form the distinct Clade III with NJ or ME analyses instead form a mixed polytomy in the bootstrapped MP tree. Chan et al., 1984. i Hendriks et al., 1988a. c Stock and Whitt, 1992. j Hendriks et al., 1988b . d Wada and Satoh, 1994. k Nadot and Grant, 1996; direct submission to GenBank. e Wada, 1998. l Halanych et al., 1995. f Hadfield et al., 1995. m Results from this paper. g Wada et al., 1992. 
DISCUSSION
Increasing the number of urochordate taxa and sampled using secondary structure features as a guide provided a relatively unambiguous alignment. Although our data set does not resolve the deep deuterostome branches as well as some previous studies that used the entire 18S rDNA (Turbeville et al., 1994; Wada and Satoh, 1994) , there is good resolution of relationships within the urochordates.
Relationships among the three classes of urochordates based on earlier morphological studies have been unclear (cf. Ihle, 1913; Garstang, 1928; Berrill, 1936; Holland, 1988) . Molecular studies have agreed with Ihle (1913) and Berrill (1936) , showing support for the larvaceans as the sister group to the rest of the urochordates (Wada and Satoh, 1994; Wada, 1998) . Our NJ and ME results agree with previous studies, but MP and ML analysis show an unresolved polytomy FIGURE 1. The neighbor-joining tree was calculated by using Kimura two-parameter evolutionary distances with branches drawn to scale. The major urochordate groups are labeled as Clades I, II, III, and IV and do not completely agree with morphology-based urochordate phylogenetic hypotheses. Bootstrap values are shown as percentages of 1000 replicates at each node only when 50%. Urochordate families are marked with square brackets, and urochordate order names are underlined. NJ trees calculated with a number of other evolutionary distance methods were consistent with the tree shown above (see Table 2 ).
Downloaded from https://academic.oup.com/sysbio/article-abstract/49/1/52/1678689 by guest on 25 December 2018 those leading to Clade II (molgulids), suggesting that urochordates have unequal evolutionary rates in comparison with the other large chordate subphyla, the vertebrates. A relative rates test using a subset of this data showed that the molgulid ascidian 18S rRNA genes are evolving significantly faster than the rest of the ascidian clades (Huber et. al., 2000) . It remains to be seen if these unequal rates reflect the evolution of urochordates in general or are limited only to the 18S rRNA gene. In the nematode C. elegans, the rapid rate of 18S rRNA gene is also observed in about two-thirds of 36 protein-coding genes examined (Mushegian et al., 1998). If unequal evolutionary rate variation is high among urochordates, then the faster-evolving urochordates such as molgulid ascidians may represent a more recent expansion than, for example, the styelid ascidians. Unfortunately, urochordates are soft-bodied and the fossil record is extremely sparse for this subphylum (Valentine et al., 1996) , unless the ancestral forms are similar to calcichordates, as some palentologists have suggested (Jeffries et al., 1996) . However, after obtaining and examining calcichordate casts, we are not convinced that they represent urochordates (B.J. Swalla, unpub.).
of Clade III and Clade IV. Morphological similiarities between thaliaceans and colonial ascidians have been well documented (Berrill, 1936 (Berrill, , 1975 , but it has not been obvious to which group of ascidians the thaliaceans might be most closely related. Berrill (1936) , early in his career, discussed thaliacean morphology and concluded, "Thus, of the various types of ascidians, the Thaliacea can be related only with Ciona, and the evidence in this case is merely negative, suggesting that the Thaliacea may have evolved at almost any stage during the evolution of the stock that culminated in Ciona." However, despite this uncanny insight, the phylogenetic tree he draws in the same paper (Berrill, 1936) puts the Thaliacea as an outgroup to the ascidians. In later papers Berrill never again mentions the idea that the Thaliacea may be related to Ciona, a phlebobranch. Our results and those of Wada (1998) suggest that all three orders of thaliaceans (salps, pyrosomids, and doliolids) may be related to phlebobranch ascidians, which include the family Ciona. There appears to be a great deal of variation in evolutionary rates within and between families of the ascidians. For example, in Figure 1 , the branches leading to Clade I (styelids + pyurids) are shorter than Our analyses reveal several new clades within the urochordates that do not correspond to traditional urochordate classification schemes based on morphological features (Van Name, 1945; Berrill, 1950) . At the ordinal level, the looping of the gut is the main diagnostic character. In the order Enterogona, which contains molgulid (Clade II), and styelid and pyurid (Clade I) ascidans, gonads occur only on one side of the body and remain a single unit within the primary loop of the gut (Berrill, 1950 (Berrill, , 1975 Van Name, 1945) . In contrast, in Pleurogonid ascidians (Clade III), the gonads and the gut become associated with the mantle wall, and multiple gonads lie either across the gut or within a secondary loop (Berrill, 1950 (Berrill, , 1975 Van Name, 1945) . Folds and whorls in the branchial sac are a major character used to distinguish separate fami-FIGURE 2. Majority rule consensus of 100 bootstrap replicates of minimum evolution trees recovered by using Kimura two-parameter evolutionary distances. Nodes with <50% bootstrap support are shown collapsed. The distribution of species with a colonial lifecycle are marked to demonstrate the polyphyly of colonialism among urochordates. Clades I, II, III, and IV include the same taxa as in Figure 1 and are marked with braces. ME trees recovered by using a number of other evolutionary distance methods were consistent with the tree shown above (see Table 2 ). of the other taxa in Clade I. This sequence was one of the first ascidian 18S rRNA genes to be sequenced and was obtained from a genomic library (Degnan et al., 1990) , not from PCR, now the method of choice for 18S rDNA isolation from genomic DNA. We obtained a new 18S rDNA sequence from Herdmania curvata (DNA sent by Bernie Degnan) from PCR and found its position in the phylogenetic trees differed dramatically from the earlier published genomic sequence. Possibly the genomic clone sequenced earlier is not usually transcribed or is rare in copy number. Therefore, we included only the new H. curvata sequence in our analysis, because we believe it better represents the Herdmania genus.
Molgulidae appear well separated from the rest of the ascidians (Fig. 1 , Clade II, and Table 2 ). The relationships within Molgulidae have been reported previously, by Hadfield et al. (1995) , who showed that tailless lies within orders. The families Styelidae, Molgulidae, and Pyuridae are all considered part of the order Pleurogona, suborder Stolidobranchiata, because in these families the branchial structure has many elaborate folds that are specific to each family (Berrill, 1950 (Berrill, , 1975 . The present study suggests that these three families form a robust monophyletic clade (Fig. 1 , Clades I and II), with Molgulidae a separate clade (Clade II; Fig.  5 ) within the group.
Clade I, which was well resolved by all of the phylogenetic methods (Table 2) , includes Styelidae and Pyuridae, which were known to be closely related by morphological analysis (Van Name, 1945; Berrill, 1975) . The species we analyzed from the family Pyuridae were Halocynthia roretzi, Herdmania curvata, and Pyura mirabilis. Originally our analysis also included Herdmania momus (now called Herdmania curvata; Degnan and Lavin, 1995; GenBank no. X53538; Degnan et al., 1990) , which had a very long branch length compared with other species of Pyuridae and Styelidae within Pleurogona, causing it to fall as a sister group to all 60 SYSTEMATIC BIOLOGY VOL. 49 ascidian larvae are likely to have evolved four times independently within this one ascidian family. All of the Molgulidae species are solitary, all have a single hermaphroditic gonad above the intestinal loop on the left side and above a well-developed renal gland containing cyanobacteria symbionts on the right side (Saffo, 1991) . The results reported here suggest that the ascidian family Molgulidae forms a natural clade that might be best described as a separate order within the Ascidiacea. Further phylogenetic analysis of the molgulid ascidians has shown that the original tailed ancestors must have been circumpolar because two tailless species in the northern Pacific Ocean fall into European clades, which contain both tailed and tailless species (Huber et al., 2000) . Clade III is problematic; its membership varied according to the phylogenetic method used. The clade was well supported in NJ and ME trees (Figs. 1 and 2) but not in MP or ML trees (Figs. 3 and 4) . Clade III was made up of phlebobranch ascidians and also included the salps, pyrosomes, and doliolids from the class Thaliacea. The relationships within this clade were not well resolved with 18S rDNA (Table 2 ). In this study the inclusion of all three orders of ascidians suggests that the thaliaceans may have been derived from the ascidian suborder Phlebobranchiata, a result consistent with another recent study (Wada, 1998) . Wada mentioned that the ML tree with his data was the same topology as the NJ trees, but the tree itself was not shown. The Phlebobranch ascidians are united by a single gonad that lies some distance from the atrial cavity and exhalant siphon and thus requires rather long sperm ducts and oviducts. Many of the eggs of these species have elaborate follicles and float when spawned, unlike the Stolidobranch or Aplousiobranch eggs (Berrill, 1975) . In addition, cross-fertilization studies with dechorionated eggs have shown that individuals from the family Cionidae can form viable hybrids within the family Ascidiidae, suggesting a close affinity between these families (Reverberi, 1971) .
The evolution of life histories within the urochordates suggests that the switch from a solitary adult to a colonial lifestyle can be either gained or lost within a given clade. Earlier studies within the suborder Stolidiobranchiata, order Pleurogona, had suggested this to be true for ascidians (Wada et al., 1992; Cohen et al., 1998) , but the results presented here suggest that this can also occur between orders. It had been traditionally believed that the colonial lifestyle exhibited by most pyrosomids was a trait allying the pyrosomids with the colonial ascidians. However, colony formation in both groups is a postmetamorphic phenonemon of growth into a multiple zooid organism that then reaches sexual maturity and undergoes sexual reproduction as a colony. We suggest that, given the evolution of colonial life histories in both Clade I and Clade III, the colonial lifestyle is not a trait that can conclusively link the thaliaceans to the ascidians. It is interesting that none of the species in Clade II are colonial, suggesting that a colonial life history is not always selectively advantageous. The colonial urochordates are identified by icons in Figure 2 .
The three larvacean sequences used for our analysis all showed long branch lengths by NJ analysis. When there are unequal rates of evolution in a phylogenetic analysis, the branch lengths can confound results. Although distance-based methods showed a high bootstrap support for the larvaceans forming a separate clade, ML and MP trees did not. Clearly, this issue will be resolved only by sequencing urochordate genes with more equal rates of evolution. Larvaceans have a nonfeeding tadpole larva that develops quickly, metamorphosing within ~6 h into a planktonic adult that retains the tadpole tail with the chordate notochord throughout its life. The cleavage pattern and development of the larvacean nonfeeding tadpole larva are unmistakably characteristic of the urochordates. Larvacean adults are elongate with a locomotory tail, a hollow dorsal nerve cord, a notochord lying between the nerve chord and alimentary canal, and lateral skeletal muscles in the tail (Jeffery and Swalla, 1997) . derbilt University; B.J.S.) and USDA grant 95-3702-2654 (J.R.G.).
The adult secretes a mucus house and beats its tail continuously to move seawater through the house to trap food particles. There is a typical chordate endostyle, and the gill spiracles open into atrial pouches. The larvaceans have no features that suggest having had ascidian adult-like features in their ancestry (Berrill, 1950; 1975) . Rather, all of their adult features indicate a strictly pelagic history, particularly their secreted house, a novel structure for achieving planktotrophy (Bone, 1998) .
The phylogenetic analysis provided here suggests that the ancestral urochordate had a nonfeeding larva and an adult that may have either been planktonic or bottomdwelling but probably retained the tadpole tail, including the dorsal nerve cord, the notochord, and flanking muscle cells through the adult life. The rest of the urochordates diverged into a variety of adult formssome undergoing dramatic larval to adult metamorphosis, and others having reduced or eliminated the larval forms. A colonial lifestyle has evolved several times independently, which suggests that the ancestral urochordate could be either solitary or colonial. The most successful present day life history appears to be that of the ascidians, which are cosmopoliton in the world's oceans. Further analysis will be necessary to elucidate the evolution of the dramatically different adult morphologies exhibited by the various clades found in the urochordates.
